The separation of xenon/krypton is industrially significant and an environmental concern. Adsorptive capture and separation xenon from krypton using porous MOFs provides an energy and capital efficient approach compared with the current cryogenic distillation process. Herein, we investigated the adsorptive Xe/Kr separation potential of three anion In-MOFs (CPM-5, CPM-6 and the Co 2+ -exchanged framework -CPM-6 could be due to the increased pore size or accessible micropore volume and enhanced electric field within the pore spaces, which could induce strong interaction with Xe and simultaneously reduce the affinity with Kr.
Introduction
Rare or noble gases xenon (Xe) and krypton (Kr) are commonly encountered in low concentrations (Xe exists in the atmosphere at 0.087 ppmv, and krypton (Kr) at 1.14 ppmv) and their extraction is consequently difficult.
1 However, these noble gases are industrially valuable and have many signicant uses including commercial lighting, medical imaging, insulation and lasers.
1,2 On the other hand, radioisotopes of xenon and krypton ( 85 Kr and 133 Xe) are released as by-products from nuclear reprocessing plants. For environmental concerns and recycling of noble gases, the long-lived and hazardous 85 Kr (half life of 10.8 years) should be separated and captured from effluent gas mixtures of nuclear fuel reprocessing plants. 3, 4 Meanwhile, separation and capture of xenon from radioactive krypton in the off-gas stream aer a short-time decay of the short half-life xenon isotope would provide a new resource of xenon for industrial use. Currently, a 20/80 molar mixture of Xe-Kr obtained as a by-product in cryogenic air separation must undergo further cryogenic distillation to produce pure xenon and krypton. And cryogenic process is also suggested for the removal of radioactive noble gases from off-gas streams in future nuclear reprocessing plants. However, this process is highly energy and capital intensive. 5 Therefore, effective capture and separation of Xe-Kr at room temperature becomes an urgent and signicant issue to be resolved.
Adsorptive separation of Xe-Kr using porous materials at room temperature could be a suitable alternative to cryogenic process for its easy operation and low costs. Thus, adsorbents with high Xe/Kr selectivity and capacity are essential for the design of adsorptive separation process such as pressure swing adsorption (PSA) and vacuum swing adsorption (VSA). 6 In this regard, zeolites and active carbon have been used and evaluated for Xe/Kr separation at ambient conditions. [7] [8] [9] However, their low Xe capacity and selectivity limits their practical use. Metalorganic frameworks (MOFs), a new kind of hybrid crystalline porous material which are hybrid lattices of organic ligands and metal nodes (metal ions or clusters), have attracted enormous attention over the past two decades for its ultrahigh specic surface area, tunable pore structure, adjustable chemical environment and high thermal stability. [10] [11] [12] Owing to this feature, MOFs appear to be promising as cost-effective and efficient adsorbents for gas storage and separation. [13] [14] [15] [16] [17] [18] [19] [20] [21] Recently, the effective separation of noble gases Xe and Kr using MOFs has received much more attention and become a new area of focus.
22-36
Up to date, studies on Xe/Kr separation using MOFs are still scarce. 37 Wang et al. showed that Co 3 (HCOO) 6 can commensurately adsorb Xe and high Xe/Kr selectivity due to the unique pore size and channel shape. 38 Thallapally et al. reported that NiDOBDC adsorbs more Xe compared to activated carbon and also showed that silver loading within NiDOBDC notably enhances both Xe capacity and Xe/Kr selectivity. 39, 40 Cooper et al. reported that a porous organic cage CC3, though not a MOF, shows signicantly high Xe capacity and Xe/Kr selectivity at low concentrations. 41 Xiong et al. reported a exible zinc tetrazolate framework [Zn(mtz) 2 ] which exhibits breathing behaviour on Xe adsorption and has a high Xe/Kr selectivity measured by breakthrough experiment using binary Xe-Kr gas mixture. 42 Recently, Thallapally et al. reported that SBMOF-1 exhibits by far the highest reported xenon adsorption capacity and a remarkable Xe/Kr selectivity under conditions pertinent to nuclear fuel reprocessing. 43 Computational screening studies carried by Snurr et al. suggest that MOFs with cylindrical pores just large enough to t a single xenon atom would have the highest Xe/Kr selectivity but better materials remains to be discovered.
44
Recent studies have indicated several features that are desirable for enhancing adsorption capacity and selectivity of xenon at room temperature. One feature is the suitable pore size commensurate with the size of Xe molecule (4.1Å). Another factor currently receiving considerable attention is introducing individual localized binding sites using methods such as (1) deposition of Ag clusters in the porous MOFs and (2) creation of unsaturated metal sites (also called open-metal sites) and more polarizing organic groups (-I, -OH). 40, [45] [46] [47] Furthermore, the porous solid-Xe molecule interactions can also be enhanced by employing the electric eld across the pore space that is capable of polarizing Xe molecules and increasing the interaction with charged internal pore surface or charged extraframework species. 40 However, this approach is rarely studied because most of MOFs exhibit an electrically neutral framework. Thus, it is essential and meaningful to investigate the Xe adsorption and separation properties of anionic MOFs and the inuence of cations on their separation performance. Indium(III) oen exhibits an eight-coordinated central building block with four equivalent carboxylate ligands and has been frequently used to design and synthesis of anionic MOFs with low connectivity and high surface areas. 
Experimental

Materials and measurements
All reagents and solvents were used as received from commercial suppliers without further purication. Thermogravimetric analyses (TGA) were performed on a TA TGA/Q500 analyzer with heating rate of 5 C min À1 from 27 to 800 C. Powder X-ray CPM-6 was synthesized using the same procedure in which the DMF was replaced by NMF. Aer washed by methanol several times, the colorless crystals were obtained.
Preparation of Co 2+ -CPM-6
The as-prepared CPM-6 sample was ion-exchanged with Co 2+ , immersed in methanol containing 0.1 M Co(NO 3 ) 2 and changed with fresh new Co(NO 3 ) 2 methanol solution every day for four days. And then the samples were ltered and washed with methanol several times to obtain Co 2+ ions exchanged CPM-6 designated as Co 2+ -CPM-6.
Gas adsorption measurements
Xe, Kr, Ar, N 2 adsorption and desorption isotherms were measured on the Micromeritics 3Flex Surface Characterization Analyzer. To get the solvent free framework, the fresh samples of CPM-5 and CPM-6 were guest-exchanged with dry methanol 4 times per day for 2 days, ltered and degassed at ambient temperature for 6 h, and then vacuumed at 180 C overnight to measurements. The fresh samples of Co 2+ -CPM-6 were ltered and washed by methanol several times and degassed at ambient temperature for 6 h, and then vacuumed at 180 C overnight to measurements. The adsorption isotherms at 77 K were measured upon the liquid nitrogen bath. The temperatures of adsorption isotherms at 273 K and 298 K were maintained using a Micromeritics's ISO Controller (Sub-Ambient, Thermoelectric Cooled Dewar). Ultrahigh-purity-grade (>99.999%) Xe, Kr, Ar, N 2 and He gases were applied in the adsorption measurements.
Results and discussion
Characterization of CPM-5, CPM-6 and Co 2+ -CPM-6
CPM-5 and CPM-6 were synthesized using a slight modication of a published procedure. 49 The phase purity of the sample was conrmed by PXRD. CPM-5 and CPM-6 rstly reported by Zheng et al. have the same framework structure just with different organic cations ((CH 3 ) 2 NH 2 + for CPM-5, CH 3 NH 3 + for CPM-6).
As shown in Fig. 1 S13 †) also showed that Co 2+ ions were successfully introduced into the framework. Powder X-ray diffraction patterns indicate that pure phase samples of CPM-5 and CPM-6 have been successfully synthesized (shown in Fig. 2) . Co 2+ -CPM-6 nearly has the same PXRD patterns with CPM-6, which shows that Co 2+ -CPM-6 maintains its framework structure and crystalline state well during the Co 2+ -exchange process. And the PXRD patterns for the activated samples illustrate that CPM-5, CPM-6 and Co
2+
-CPM-6 are stable enough for gas sorption measurements aer their activation procedure.
As shown in Fig. 3, N has a relative higher value than BET model. The differences between Langmuir and BET surface areas could be attributed to the different hypothesis that Langmuir model assumes monolayer adsorption while BET model assumes multilayer adsorption. Thus it is a reasonable result that Langmuir model has a higher value than BET model. However, the specic surface areas of these two models don't differ too much, which manifests that CPM-5, CPM-6 and Co 2+ -CPM-6 belong to the micropore materials and the pore sizes won't exceed 7Å (see Fig. S3 †) . The DFT pore sizes distribution calculated by DFT model shows -CPM-6 exhibits a little decrease of pore space in the range of 5.4-6.4Å and a distinct increase of pore space in the range of 6.4-8.6Å compared with CPM-6. These results show that ion-exchange with small metal ions in anionic framework could provide an effective way to enhance the specic surface area and adjust the micropore volume or pore size (see Fig. S3 †) .
Single component sorption isotherms, Henry's constants and isosteric heats of adsorption
The establishment of the permanent porosity enabled us to examine their gas sorptions of Xe and Kr. As shown in Fig. 4 should be noted that Co 2+ -CPM-6 has an obvious higher Xe uptake than CPM-6 but a slightly low Kr uptake compared with CPM-6. The enhancement of Xe adsorption capacity for Co 2+ -CPM-6 could be due to an increase in the accessible micropore volume. The slightly lower Kr uptake of Co 2+ -CPM-6 may be due to the decrease of micropore volumes in the range of 5.4-6.4Å, that are suitable for Kr adsorption. In order to understand and explain the different performances for these three MOFs on uptake of Xe over Kr, we calculated the Henry's constants based on single component sorption isotherms to evaluate the gas-adsorbent interactions. Henry's constant is a useful measure of adsorbents' affinity for adsorbates, since it represents the partition of the adsorbate between its bulk phase and adsorbed phase at very low pressures. 38 The Henry's constants for Xe and Kr in CPM-5, CPM-6 and Co 2+ -CPM-6 were calculated using low-pressure isotherms at 298 K. We tted the low-pressure isotherms which passed through the original point and appeared linear t, and obtained slopes of these tting lines which represent the Henry's constants (see Fig. S6 -S11 †). As shown in Table 1 , the order of the calculated Henry's constants for Xe is Co 2+ -CPM-6 > CPM-6 > CPM-5. Interestingly, the order of the calculated Henry's constant for Kr is CPM-5 > CPM-6 > Co 2+ -CPM-6, which is opposite to the order of the Henry's constants for Xe. indicates that Co 2+ -CPM-6 has the strongest interaction with Xe molecules of these three MOFs.
IAST selectivity
Ideal adsorbed solution theory (IAST) is a thermodynamic method which can predict the selectivity of gas mixtures based on the experimental single component adsorption isotherms and has been proved to be an effective approach to evaluate the separation ability of various materials. [53] [54] [55] In order to obtain good prediction by IAST, pure isotherms of Xe and Kr were tted using the dual-site Langmuir-Freundlich (DSLF) model (see Table S1 †). 56 In this work, we predicted the Xe/Kr selectivity by IAST for 20/80 Xe/Kr gas mixture, which is an industrially relevant composition for Xe-Kr gas mixture to assess the potential of CPM-5, CPM-6 and Co 2+ -CPM-6 on Xe/Kr separation. As shown in Fig. 6 
Dynamic breakthrough experiments
We also carried out the breakthrough experiments at room temperature to evaluate the potential of these three MOFs for the adsorptive separation of Xe/Kr mixtures, under the real world conditions (see Fig. S12 †) . Fig. 7 shows the breakthrough curves of Xe and Kr upon separation of a 20/80 Xe/Kr mixture on the column packed with CPM-5, CPM-6 and Co
2+
-CPM-6 at 298 K and 1 bar. For all three MOFs, Kr rstly elutes from the column, and was detected at $9 min g À1 aer the gas mixture was introduced into the column. While Xe retains strongly in the column and was detected at a breakthrough time of $15 min g À1 for CPM-5, 24 min g À1 for CPM-6 and 35 min g
À1
for Co 2+ -CPM-6, respectively. The Kr concentration at the column outlet exceeding the feed concentration indicates a signicantly stronger interaction for Xe molecules than Kr molecules with the adsorbents during the breakthrough process. The Xe/Kr selectivity of CPM-5, CPM-6 and Co 2+ -CPM-6
was calculated to be 6.2, 6.6 and 8.9 respectively, based on the adsorption capacity of the two gases, agreeable with the IAST selectivity derived from the single gas adsorption isotherms. These results indicate that aer Co 2+ -exchange process, Co 2+ -CPM-6 has a remarkable higher Xe/Kr selectivity than CPM-5 and CPM-6 not only at equilibrium, but also under kinetic ow conditions. What's more, Co 2+ -CPM-6 exhibits less diffusion effect for Xe than CPM-5 and CPM-6 in the breakthrough process and would provide better Xe/Kr separation performance in the practical application. This could be due to the improvement of pore size and micropore volumes in the framework during the Co 2+ -exchange process. The high Xe capacity and Xe/ Kr selectivity suggests Co 2+ -CPM-6 a promising candidate for Xe/Kr adsorptive separation.
Conclusions
In this work, we have investigated adsorptive Xe/Kr separation potential of three anionic porous indium-organic frameworks (CPM-5, CPM-6 and the Co 2+ -exchanged framework analogue Co 2+ -CPM-6). A new anionic In-MOF Co 2+ -CPM-6 with Co 2+ ions in pore spaces has been obtained using a simple cationexchange process and exhibits much higher Xe adsorption capacity and Xe/Kr selectivity than CPM-5 and CPM-6, veried by the single-component gas isotherms, IAST calculations and breakthrough experiments. Small and polarized Co 2+ ions could increase the pore size or accessible micropore volumes and enhance the electric eld within pore space, which could induce strong interaction with Xe and simultaneously reduce the affinity with Kr, suggesting the potential of Co 2+ -CPM-6 to be a promising candidate material for Xe/Kr adsorptive separation. The introduction of small and polarized metal ions such as Co
2+
ions into an anionic MOF to tune its pore size or pore volume and electric eld across pore space may be a promising strategy to enhance Xe adsorption capacity and Xe/Kr separation performance of MOFs.
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